Abstract-This paper presents a holistic approach to cost and benefit analysis of smart grid enabled Electrical Vehicle Supply Equipment (EVSEs) from a utility point of view, including lifecycle cost of ownership, risks and expected penalties due to high load stress on distribution network. It provides methodology for comparative analysis of different residential EVSE technologies. A total of five alternatives are presented and compared according to their lifecycle costs. In all cases, the annualized cost is calculated. Optimal lease values are also formulated.
INTRODUCTION
DOE has identified that the successful introduction of EVs in the US roads depends on many factors such as easy and affordable availability of EVSEs. Affordability for the home user depends on several economic factors, e.g. EVSE market price, O&M cost, and possible demand response (DR) user advantages. As the number of EVs increase on the roads, the power grid load is expected to drastically change exhibiting more chaotic load patterns throughout a day. The existing common pattern of peak and valleys may no longer be applicable. The uncertainties resulting from these nondeterministic and chaotic patterns are expected to revamp the risks on the distribution and transmission power grids. This will lead to higher price of electricity since there will be higher capacity requirements on the grid to mitigate these risks.
The lifecycle cost of a single EVSE includes the cost of hardware and software from design to operations and maintenance, and finally disposal. With respect to the overall EVSE infrastructure and the distribution grid, there is also network cost attributed to EVSEs. Using smart controller on EVSEs manages dynamic and plug-in loads on the local distribution grid, by coordinating load and optimizing the allocation of resources to the end users [1] and [2] . This reduces the level of stress and load fluctuations in the distribution grid, hence increasing power reliability. In turn, the higher power quality and service reliability will lead to longer lifetimes for EVSE. For a single homeowner or user, there will be fewer calls for service or replacements, and hence, the overall cost of EVSE, circuit breaker and transformer O&M will be significantly reduced per homeowner. At the same time, less stress in the distribution grid will lead to less uncertainly in the power grid, which in turn will reduce the likelihood and the duration of peak periods. With more stable load profiles, the power grid will reduce the cost of O&M, thus, avoiding increase in the cost of electricity for homeowners. Given proper coordination with the electricity provider (utility), EV driver can reduce electricity costs by taking advantage of Time-of-Use rates and using off-peak hours.
The authors in [3] analyze the impact of the mass operation and electricity consumption of EVs and PHEVs on the distribution infrastructure and more specifically on distribution transformers.
They show that, without intelligent coordination between charging stations, the useful life of the distribution transformers would be reduced by 3.5%. In [4] the authors show that, with proper designed control strategy, it is possible to reduce the peak-load by 8% and hedge against increased EV usage within the community. In [5] the cost impact of smart control of EV charging is studied. They propose to optimize the EV charging cost by intelligently controlling EV load in response to Time-of-Use (TOU) price in regulated market.
II. TECHNICAL APPROACH
Life Cycle Cost (LCC) is the total discounted dollar cost of owning, operating, maintaining, and disposing of system. There are two major cost categories, "Initial Expenses" and "Future Expenses". It is difficult to define the exact costs of each expense category, because at the time of the life cycle study nearly all costs are unknown. However, through the use of reasonable, consistent, and well-documented assumptions, a reliable Life cycle cost analysis can be prepared. In this report we will present LCC analysis for several alternatives and a host of cost elements. We assume the following cost & value elements in our models:
1. Initial investment cost (one time start-up costs) 2. Annual operations cost -e.g., the cost of data transfer between EVSE and utility 3. 6. Lease amount paid by customer/homeowner We will focus on a small residential neighborhood with a single power transformer shared by several houses. There will be five alternatives studied in this paper:
A-Costumers lease EVSEs and there is no intelligent control to coordinate their access and usage. B-Costumers lease the EVSEs but utility runs an intelligent control remotely. C-Costumers lease the EVSEs and the utility upgrades the transformer and distribution network in order to prevent the overloads that may happen due to the lack of intelligent control. D-Costumers buy the EVSEs and utility runs an intelligent control remotely. E-Costumers buy the EVSEs and utility upgrades the transformer and distribution network to prevent the overloads. Table 1 gives cost breakdown for the five alternatives according to the cost terms listed above. The values in the above table depend on the alternative, for example the maintenance cost in "Alternative A" is higher than "Alternative B" and "Alternative C", or initial investment in "Alternative C" and "Alternative E" is higher than the other alternatives. Initial investment which has two parts (EVSE cost and network distribution upgrading cost) are paid separately in "Alternative E". These will be explained in more detail later. It is conceivable that utility companies can never realize "Alternative A" since the probability of overloads will be significantly high. But for comparison purposes we include it in this study. 
III. DESCRIPTION OF COST ELEMENTS
In this section we describe the considered cost elements in our LCC analysis.
A. Initial Investment Cost
This element includes capital cost and installation cost. EVSE are available in many styles to accommodate different types of installations. A list of options is provided in [6] . Installation cost ranges from $1000 to possibly $25000 depending on existing infrastructure. In case of network upgrades, utilities will have additional investment costs. For example, upgrading a residential transformer to 75KVA unit costs about $3000 plus additional cost of upgrading distribution cables. There may also be need to upgrade transmission lines and overall generation capacity on a regional basis. We will not include these in our calculations.
B. Operation Cost
We will not include the cost of power consumption here. The only considered cost in operating is for wireless communication, which can run between 8 to 25 $/month or 96-300 $/year [7] .
C. Maintenance and repair cost
There are two sub elements for maintenance and repair costs. The first element is the scheduled preventive maintenance, which is preplanned. We will assume that when we don't manage the load with intelligence controller the annual maintenance cost will be increasing by 10%. This number can change from one case to another; with our model, it is possible to run sensitivity analysis and calculate its impact in the overall cost. The preventive maintenance program would be assumed to be in the order of 100 $/year per EVSE. There are also unplanned maintenance costs ( ) due to overloads at the neighboring step-down transformers. Equation (1) shows how we can calculate this element:
Where and are expected annual numbers of overload and maintenance cost per over load. We will see the details of unplanned cost in "Unplanned Maintenance Cost" section.
D. Replacement cost
This cost must be paid by utility to replace the EVSE at the end of expected useful life of the equipment.
E. Residual value
Residual value or salvage value is the amount in ($) that the asset worth at the end of useful life. This value is input to our analysis.
F. Leasing value
We assume that there will be a leasing contract, which sets the annual leasing amount for a given duration. Costumer (household) has to pay this leasing amount to the utility every year. Our assumption is that they will pay this leasing amount during the life cycle of EVSE. We will calculate optimal lease value for an EVSE.
G. Unplanned maintenance cost
As mentioned earlier, maintenance cost has two parts: planned maintenance cost and unplanned maintenance cost. To find the unplanned maintenance cost we need to estimate the annual overload frequency. We assume there is two season in the year: cooling season and heating season. Load profile pattern is different in each season so probability of overload is different in each one. The other assumption is that this probability is same for whole days in each season. Equation (2) shows how we can calculate expected annual numbers of overload. (2) Where and are probability of overload in cooling season days and heating season days.
Unplanned maintenance is direct function of transformer overloads. One assumption is that vehicles will plug in to EVSE at the time they arrive home. When we don't use intelligent controller to coordinate the EVSE charging it is more probable that the total load of the neighboring exceeds the rated power of neighboring step-down transformer and overload occurs. If transformer circuit has a protection cutoff switch to cut it from the circuit as soon as overload occurs, then the reactive maintenance will be to reconnect the circuit. More frequent disconnection from circuit will increase the annual maintenance cost of EVSE (assumed to be around 10% average increase). If there isn't any protection cut off switch in the transformer circuit, the transformer may continue to work above its rated load (for example 25 KVA). Experiment shows that if the load on the transformer is more than rated load for several hours the transformer useful life will degrade faster by 3% to 5% [3] .
IV. SIMULATION
In order to compute the cash flow for each year of EVSE life cycle and also find the net present value for each alternative, cost and value elements described above must be estimated. One source of randomness in these calculations is the number of miles traveled by individual vehicles. Simulation model generates these miles according to an input probability distribution (see Table 2 for sample distributions). The mileage traveled defines the charge amount and duration required by each vehicle according to its charge profile. Figure 2 illustrates a sample profile for the Nissan Leaf EV battery. Another source of randomness is the start time of vehicle charge. In the case of no intelligent coordination, we assume that homeowner plugs in the car according to a probability distribution (see Table 2 for sample distributions). Depending on these quantities, one can calculate the likelihood of overloads in the absence of intelligent control. We use Monte Carlo simulation to carry out these calculations. Simulation outputs overload events, which are then used to calculate the cost of unplanned maintenance. Note that we assume no overloads in the presence of intelligent control. • 
V. OTHER COST PARAMETERS
The following cost elements and parameters will be used in all alternatives and are assumed to be known a priori.
A. Cost of depreciation
In accountancy depreciation is referred to the decrease in value of the asset. It is one of the important parameters in tax calculation. The Modified Accelerated Cost Recovery System (MACRS) is the current tax depreciation system in the United States. Applicable percentages for MACRS can be found in [9] . The depreciation cost for each year is calculated by multiplying the percentage related to that year by the capital cost of the asset.
B. Tax rate
Paying the tax of any revenue and income is one of the cost elements in any LCC analysis. We need to add the after tax cost in cash flow (CF) and net present value (NPV) calculation with negative sign. We will see the detail of these calculations in CF and NPV section. We will show tax rate with .
1 Usually for weekend day
C. Discount factor
The discount factor (i) is the factor by which a future cash flow must be multiplied in order to obtain the present value.
D. Life cycle year
"Life cycle year" is the expected useful life of the asset. At the end of this year asset has to be replaced.
E. Cash flow (CF)
Cash flow is the movement of money into or out of a business, project, or financial product. It is usually measured during a specified, finite period of time. CF is calculated based on the following formula in (3) for each year:
Where Dc is depreciation cost. Total income and total cost are different based on the year in the life cycle. The following table shows total income and total cost for each year: 
F. Net present value
The net present value (NPV) of a time series of cash flows, both incoming and outgoing, is defined as the sum of the present values (PVs) of the individual cash flows of the same entity. In the other word:
Where i is discount factor and CF n is cash flow in year n. Through our simulations, it is possible to calculate probability distributions for NPV.
G. Defining leasing policy
"Optimal" leasing policy can be calculated using the following steps:
1. Set initial leasing value to zero and compute NPV 0 . 2. Find the minimum value of annual leasing (A) based on the following formula in order to make the NPV non-negative.
In (5) NPV 0 is the net present value when we set leasing value to zero.
VI. CASE STUDIES
The "Monte Carlo" simulation method is used to simulate different scenarios. Five alternatives are assumed. In Case A we compare three different arrival time probability distributions (Table 2) . These are the times that EV charge starts. Our conjecture is that overload is strongly dependent on the arrival time distributions (including its mean and 2 This element depends on the Leasing contract variance). We like to claim that managing the plug-in time of EVs can reduce the total life cycle cost of EVSEs. The common assumptions of the case studies are listed in the following table: Table 4 A. Alternative A Costumers lease the EVSEs and there is no intelligent control for neighbor charging stations so the annual maintenance cost will be assumed 10% more than the regular one. But there is no operation cost (for data transmission). We run this alternative with 3 different distributions for arrival time of Electrical Vehicles to see the impact of arrival time (plug-in time) of EVs on the overload rate, total NPV 0 and annual leasing price. As we see in table 5 by changing the arrival time distribution the seasonal overload rate and the total NPV 0 are changing. In case 2 (log-normal charge start times) we increase the probability of simultaneous charging during the pick load hours, so the rate of overload increases. But in case 3 (uniform distribution for start times), variance increases and thus we decrease the probability of simultaneous charges during peak load hours. These results show that it is possible to reduce the total life cycle cost by controlling the starting time of EV charging.
B. Alternative B
Costumers lease the EVSEs but utility has the control of neighborhood charging stations. So they have to pay the annual operation cost. The results of three cases for "Alternative A" show that it is possible to reduce the overload rate by using good control strategy on plug-in time of EVs. So our assumption is that by using intelligence control on EVSE utility company can prevent all possible overloads (seasonal overload rate = 0). C. Alternative C Costumers lease the EVSEs and they can plug-in their Electrical Vehicle any time they desire. Utility will upgrade the step down transformer and distribution network in order to prevent overloads. Therefore the capital cost and initial investment are more than the previous alternatives but there is no annual network cost. In the next two case studies costumers will buy the EVSE so the initial cost of EVSE (Capital cost and Installation cost) and annual maintenance cost are paid by costumers. The annualized cost for the utility is calculated for each case. Utility can add this cost to the annual costumer bill.
D. Alternative D
Costumers buy the EVSEs, so they pay for the EVSE capital cost at the beginning but utility has the control of neighborhood charging stations. The assumptions are same as "Alternative B". E. Alternative E Costumers buy the EVSEs and they can plug-in their Electrical Vehicle any time they desire. Utility will upgrade the step down transformer and distribution network to prevent overloads. Utility only pay the capital cost and installation cost regarded to upgrading transformer and distribution network. There is no annual network cost same as "Alternative C". The case study results show that the utility can reduce the probability of overload happening in distribution infrastructure without changing the current distribution network infrastructure by coordinating the load of households. The model described in this paper can help the utility to see the impact of using intelligence control on the EVSE life cycle cost. It can also calculate the reasonable annual leasing value based on the total life cycle cost of the EVSE. As we showed in the results (Alternative B) annual leasing cost for costumers is about $630. If we add annual electricity cost required to charge the electrical vehicle which is around $600 [10] (for Nissan Leaf with 15000 miles/year usage) the total annual cost for costumer would be $1230. But the same level gasoline sedan vehicle with 35mpg usage has the annual fuel cost around $1765 ( ). So using Electrical Vehicle would be beneficial for the costumers. The required input data for this model are explained cost elements. Producer Company of EVSE defines most of these elements based on the type of the EVSE. Some cost element such as permitting fee as a part of installation cost is related to the state rules. Utility company has reasonable estimations about these fees.
